We report the discovery of bright, fast, radio flares lasting tens of seconds with the AARTFAAC high-cadence all-sky survey at 60 MHz. The vast majority of these coincide with known, bright radio sources that brighten by factors of up to 100 during such an event. We attribute them to magnification events induced by plasma near the Earth, most likely in the densest parts of the ionosphere. They can occur both in relative isolation, during otherwise quiescent ionospheric conditions, and in large clusters during more turbulent ionospheric conditions. We also find one event that has many properties in common with these events, but has a very well-determined dispersion delay as a function of frequency consistent with a very distant Galactic or extragalactic origin. If astrophysical, it represents extreme emission with a minimum brightness temperature of 10 28−34 K.
INTRODUCTION
In recent years low-frequency transient surveys have been completed with the Murchinson Widefield Array (MWA) (Bell et al. 2019) , and Owens Valley Radio Observatory Long Wavelength Array (OVRO-LWA) (Anderson et al. 2019) . These focus on the search for bright transient or variable emission, with the hope of discovering new extremely energetic processes taking place in the Universe. Previously, we have reported the discovery of extremely high fluence giant pulses from PSR B0950+08 (Kuiack et al. 2020) during the course of an ongoing blind transients survey with the Amsterdam-ASTRON Radio Transient Facility And Analysis Center (AARTFAAC; Prasad et al. 2014 Prasad et al. , 2016 . We were easily able to associate this emission to the specific astrophysical source, because the signal repeated and the source properties and behaviour had been well studied. However, the goal of blind transient surveys such as AARTFAAC is also to search for as-yet unknown phenomena. This necessarily means that any candidate events discovered, may not be so easily associated with known objects, or known processes.
An example is the discovery of an unknown transient source at low frequency in the LOFAR North Celestial Pole E-mail: m.j.kuiack@uva.nl survey (Stewart et al. 2016) . No strong association to a progenitor, host location, or known astrophysical phenomenon could be made, thus the primary validation is to minimize the chance it could be an imaging artefact. Once we are convinced that an event is not an instrumental or data processing artefact, we can claim detection of a source. However, we then need to check whether the event could not be a noise spike associated with normal measurement error distributions, or variability induced by the ionosphere, which has particularly strong effect in the AARTFAAC frequency range . Fortunately, a high cadence transient survey generates a huge number of measurements (one per second per frequency band in the case of AARTFAAC) and thus allows us to characterise the noise distribution and ionospheric behaviour quite well. Techniques have been developed for detecting statistical outliers in the behaviour of light curves among the population of other sources in the field (Rowlinson et al. 2019; Varghese et al. 2019) . If using these we do find that a source's variation is atypical we flag it as being of interest. We already studied the variations due to the quiescent ionosphere and noise quite extensively when constructing the AARTFAAC catalogue (Kuiack et al. 2018) , and when studying PSR B0950+08 (Kuiack et al. 2020) . Bottom line of our findings was that the measurement noise does not play a dominant role in the sources we detect almost by definition, because we set the detection threshold at 5-8 times the rms. noise; the ionosphereinduced variations in quiescence have an amplitude of 20-30%, on a timescale of 10-20 min at 60 MHz.
Here we report the discovery of rapid, large-amplitude variations in the 60 MHz flux densities of normally constant sources on short timescales: sources show flare-ups in brightness of a factor few to over 100 on time scales of a few tens of seconds. They can occur both in relative isolation, when other nearby sources show their expected quiescent behaviour, or in large groups over a fairly large area of sky, for a period lasting hours. In most cases careful study reveals that they are due to exceptional effects of relatively nearby plasma, but intriguingly some few of them may be intrinsic to a distant astrophysical source.
In Section 2 we describe the instrument set-up, the set of observations, and the methodology used to analyse light curves and detect isolated bursts. Then in Section 3 we present our results, both a qualitative and quantitative description of light curve features that mimick short-duration transients and variables. Next, in Section 4 we explore the potential cause. Lastly, in Section 5 we give our conclusions.
INSTRUMENT, OBSERVATION, AND METHODS
AARTFAAC is a project whose aim is to survey the Northern Hemisphere for bright (tens of Jy), lowfrequency (30-80 MHz) radio transients, with timescales upwards of one second (Prasad et al. 2016) . Data are streamed directly from 288 low band antennas (LBA) in the six central stations of the Low Frequency Array (LOFAR; van Haarlem et al. 2013) , the so called "superterp," and processed in parallel to LOFAR observations, employing an independent correlator, and subsequent calibration and imaging pipelines on a dedicated compute and storage cluster (Prasad et al. 2014 Swinbank et al. 2015, and references therein) . TraP is a Python and SQL based transient detection pipeline for image-based surveys. The only non-standard parameters used in TraP are the one that sets the detection threshold as a function of the local rms. noise level, detection_threshold = 5σ, and one that forces the use of a fixed 2D Gaussian beam during source extraction, force_beam = True.
Light curve feature analysis
When analyzing a potential transient event, we are interested in measuring important quantities such as the peak flux in each frequency, the delay between frequencies, and the duration. This is done automatically using the scipy.signal (McKinney 2010) modules find_peaks and peak_widths. The algorithm for detecting burst-like features in light curves is as follows:
(i) First, the data are regularized in time. By default measurements are only recorded when a signal greater than 5σ is detected. We therefore fill the light curve between the min and max time stamp with zeros, then make a copy of the light curve, smoothed with a flat 3-second kernel to cover missing time steps, and decrease noise.
(ii) Peaks are detected on the smoothed light curve with find_peaks using the parameters:
• min_width = 5 [seconds]: The minimum FWHM of light curve features to be considered. Together with the 3 second smoothing, this ensures that single-bin bright noise spikes are not considered.
• max_width = None: The maximum FWHM of light curve feature to be considered.
• min_prominence = 30 [Jy]: The minimum difference in height between a light curve feature and its surroundings. Correctly detecting isolated bursts requires that the minimum prominence be larger than the typical measurement variability, reducing the detection of noise spikes on top of smooth light curves (false positives), but small enough that true positives are not ignored. Therefore this is manually tuned to approximately the minimum height of a true positive.
• max_prominence = None: The maximum difference in height between a light curve feature and its surrounding.
• rel_height = 0.9: The relative height of the feature where the width is measured. This number corresponds to the proportion above, therefore 1.0 is the base, and 0.0 the peak.
(iii) Peaks are associated using the central time, matching nearest neighbours within a delay interval of -120 to +20 seconds between the 61.8 and 58.3 MHz light curves (120 s delay would result from a DM of 900 pc cm −3 ). One-to-many matches are eliminated by choosing the pair with the minimum delay.
(iv) Highly skewed peaks, where the time difference between the peak and mid-point are greater than 5 seconds, are removed. This ensures that we are selecting only isolated peaks. Consequently, we may also be removing real transients that follow a fast rise-exponential decay behaviour or series of peaks that are overlapping.
(v) Lastly, once the features are matched between frequencies, the effective duration of the burst is measured on the smoothed light curve at rel_height = 0.9, as is the delay (the difference between the midpoints in time), and the peak is measured from the original light curve. Using this feature detection algorithm, we searched the candidate databases, output by TraP, for light curves consisting of only a single burst. Figure 1 depicts an example transient candidate consisting of one burst, and the various parameters of interest described above.
Strong scintillation zones
We sometimes find large concentrations of magnification events in sky region and time, which we call 'strong scintillation zones'. We quantify these by counting the number of sources whose flux density is typically below the confusion noise limit, rendering them undetectable during calmer conditions, but are temporarily magnified above our threshold. This is done by extracting all of the sources observed in each 5 minute interval, and calculating the surface density of sources which are not present in the AARTFAAC catalogue. We model the source distribution in the sky with a Gaussian kernel density estimation (KDE), which yields a 2D probability density function (PDF) of detected sources. By comparing relatively calm observations to those where a zone is plainly visible by eye, in time-lapse videos, we heuristically set the PDF threshold which is characteristic of strong scintillation.
RESULTS
Here we report on three different types of transient or variable events observed in the seconds-timescale, low-frequency radio sky. The first are isolated, spontaneous flashes, which coincide in position with 10-20 Jy radio sources, that are otherwise undetectable by AARTFAAC. Although they are coincident in space, they do not have a sufficient timefrequency delay to originate from an extragalactic distance. The second, is strong variability characterised in some sources by many magnification spikes in a relatively short time, and in others by singular flashes similar to the first, both clearly induced by a localized structure which persists over many hours. And third, we observed a few potential cosmic transients which, although similar to the other transients in peak shape, duration, and magnitude, have a timefrequency delay that is consistent with an extragalactic origin.
A detailed look at light curves

Singular magnification events
Using the method described in Section 2.1, a population of 76 transient candidates, each of which appears as a single burst, were discovered. One example observed on 2016-09-05, is shown in Fig. 1 . This light curve shows a magnification of the flux density of 4C 26.55, which has a quiescent flux density of 15.9 Jy at 74 MHz (Lane et al. 2014 ). This burst was analysed more deeply by re-imaging all 16 individual sub-bands in a 30 minute interval around the candidate. The resulting 16 sub-band light curve is shown in Fig. 2 . Here, we can see the relative stability of the background in the 10 minutes prior, and 20 minutes after that burst. This indicates that this region of sky, at this time, is not subject to the type of strong scintillation described in Section 3.2.
An isolated, bright outburst, with a time scale of about 20 seconds is exactly the kind of transient signal we are searching for with AARTFAAC. However, given the lack of any noticeable time delay between 62.5 and 57.6 MHz, it is apparent that the signal can not be of extragalactic origin. In Fig. 2 we see that there is no appreciable delay between the sub-bands.
In order to estimate an upper limit on the distance we attempted to measure any dispersion delay in the signal. The time delays are measured by the lag in the cross-correlation functions between the light curve at 62.5 MHz and each successive frequency. Additionally, in order to estimate the uncertainty in the inferred DM, we use a simple Monte-Carlo method: We randomly generate 10,000 sets of 16 light curves, according to the measured flux densities and uncertainty, at each frequency and time. We then fit the delays for each set. The mean and standard deviation for each frequency are shown in Fig. 3 and allow us to conclude that for this transient candidate, the DM is 0 ± 2, indeed consistent with zero.
In Fig. 4 we illustrate another example of an isolated, non-dispersed burst-like event. Here, the magnified source is 3C 234. With a persistent flux density of 90.06 ± 0.15 Jy during regular conditions (Kuiack et al. 2018) , the light curve surrounding the central magnification remains above the detection threshold. This reveals how the flux density is de-magnified, prior to, and following the apparent burst, before returning to the steady state. Together with some secondary peaks, it somewhat resembles an Airy function, except that the secondary peaks are a bit high relative to the central peak. We fit a Jinc function, which fits both the central peak and the positions and amplitudes of the satellite The time lag between the 62.5 MHz light curve, the highest sub-band frequency, and each of the 16 sub-bands. The delay uncertainties were calculated by randomly generating 10,000 sets of light curves using the measured flux densities and their uncertainties. The orange line shows the best fit dispersion delay, and is clearly consistent with 0 DM. Additionally, with the data quality during this event, we are sensitive to DMs of even a few.
peaks fairly well:
where J 1 (t) is the Bessel function of the first kind, and t = 
Strong variability due to scintillation
Sometimes events similar to those described in the previous section appear in large numbers in a region of the sky, affecting a given source multiple times during some period and affecting many neighbouring sources as well. Figure 5 is an example light curve, recorded on 2019-01-01, when such strong scintillation was observed across nearly half of the visible sky. The source is 4C 14.27, a Seyfert 1 galaxy, with a flux density of 15.07 ± 0.16 Jy in the VLSSr catalogue, and very compact, <10" according to the FIRST survey, which has a synthesized PSF FWHM of 5" (Helfand et al. 2015) . We will call the individual events 'scintels', and during such periods of strong scintillation, many tens of scintels, each similar in character to the isolated case in Fig. 2 , can be produced. This is clearly a persistent background source temporarily exhibiting strong variability through scintillation. In Section 3.2, we will measure the properties of these scintels and compare their distributions with the distributions of properties of the isolated events.
Potential cosmic transient
Lastly, we present a detailed study of another transient candidate event, as shown in Fig. 6 , which does appear to exhibit an inter-sub-band delay, a promising sign for a potential cosmic transient. However, unlike the candidates discussed in Section 3.1.1, this event, occurring on 2017-02-25, appears at a time when nearby sources are displaying strong scintillation. The candidate burst, beginning at 03:21:13 UTC, can be compared to the appearance of the scintillation-induced variability in the light curve of the same source, which becomes prominent after 03:24:00. The tumultuous background rendered an accurate flux scaling of 16 individual sub-bands difficult, due to the reduced number of calibrators in single sub-band images. We therefore reprocessed the interval into four integrations of four sub-bands, and tried to measure the apparent DM of the three prominent bursts. In Fig. 7 we show that the signal delay between sub-bands for burst 1 nicely increases to lower frequency, and is very well fit with a DM of 74 ± 5 pc cm −3 . Bursts 2 and 3 are much more poorly fit by a dispersion delay, with formal DM fit values of 44±10 and −6±58 pc cm −3 , respectively, so these are rather more likely scintillation than distant dispersed events. While this is pretty strong prima facia evidence of an extragalactic origin of burst 1, we will suspend our final judgment until we compare the measured delay with the distribution of delays of a large sample of scintels (Sect. 3.2.3).
Statistical description of strong scintillation zones
In attempting to disentangle the different scintillation regimes discussed earlier, we have observed zones of strong scintillation in opposition to the Sun. Their locations are not generally fixed either in celestial or terrestrial coordinates, so it is not immediately clear from their motion what to associated them with. An example of these zones is shown in Fig. 8 between 0 and 20. Of the 28 nights where we observed between 22 and 05 UTC, strong scintillation regions are clearly defined in seven. The total lifetime of the zone can be hours, as seen in the observation on 2018-03-09, where the scintillation zone begins around 22:00 UTC, peaks in intensity at 00:00 UTC, then diminishes until disappearing at 04:00 UTC, lasting a total of 6 hours. However, on 2017-02-25, Fig. 8 , the zone is present at the start of the observation at 1:30 UTC, increases in intensity until 4:20 and then begins to decrease until the end of the observation at 5:00. Then in the next night at 1:30, when we start observing again, the zone is present at 40 degrees latitude, but restricted in longitudinal extent compared with the previous night, indicating that this may be a single case lasting more than 24 h.
Magnification factor and peak flux of the underlying source
In an effort to understand whether the singular magnification events are different in cause and character to the scintels observed during periods of strong scintillation, we compare the magnification distributions from multiply and singly magnified sources. In Fig. 10 we show the distribution of magnification factors of 725 scintels described in Section 3.1.2. These were measured from 16 sources, during one period of strong scintillation. The typical flux density of each is below our detection threshold, thus the individual scintels are well isolated from each other. Additionally, 76 singular scintels, instances where the flux density has been magnified only once during the observation (Section 3.1.1), for that specific background source, are also plotted. In both populations, the distribution of magnification factors is bounded on the lower side by our sensitivity limit. Therefore, the bottom of the distribution follows a power law, with index −1.
The distribution is bounded on the top by the decreasing likelihood of observing a scintel with greater and greater magnification, and on the right by the decreasing number of sources at higher unmagnified brightness. The distribution of magnification factors, illustrated in Fig. 10 , drops according to a power-law distribution with an index of −2.5 ± 0.1 for the multiply magnified scintels. For the singly magnified scintels the distribution is flatter, with a power-law index is −1.3 ± 0.2.
Duration distribution
Next, in an effort to infer physical properties of the turbulent medium producing the scintillation, we investigated the distribution in the temporal widths of the scintels, as well as the relationship between the scintels' width and the peak magnification factor. The width distribution is approximately exponential with a characteristic time of of τ = 1/λ = 8.5±1.5 s, from the peak of 10 s (Fig. 11) . For comparison, the isolated magnification events have a somewhat longer characteristic duration, with a characteristic time of a fitted exponential distribution of τ = 15 ± 2 s. Additionally, the scintel duration and magnification factor are almost uncorrelated (correlation coefficient 0.2, Fig.12 ). 
Scintel delay distribution
Lastly, in order to deduce to what extent strong scintillation confounds the search for extragalactic transients, we investigated the distribution of delay times between peaks measured at 61.8 and 58.5 MHz for each scintel or isolated magnification event. The distributions are shown in Fig. 13 for both types separately. The distribution of scintel delay times is fairly narrow and symmetric around zero, and its width is consistent with noise errors. Hence we conclude that they have no measurable delays and thus are consistent with DM= 0. For the isolated events, the majority fall into a similarly narrow and symmetric distribution, but here we find a significant number of outliers, and more so on the negative side where true dispersion delays should lie. The potential extragalactic event described in detail in Section 3.1.3 is indicated with the red arrow.
DISCUSSION
As is clear, most of the phenomena we described above are not consistent with a distant astrophysical origin and must be caused by plasma lensing or other propagation effects relatively near to Earth. We now discuss what constraints we can place on the medium that causes them.
Detailed light curves of single magnification events
Among the single magnification events, there are a few with very high signal to noise, and we consider these first in order to see what we can learn from the details of their light curves. The first light curve is that of 4C 26.55, shown in Fig. 2 . The total DM through our Galaxy along this line of sight is 65 pc cm −3 or 71 pc cm −3 according to the YMW16 (Yao et al. 2017 ) and NE2001 (Cordes & Lazio 2002) models, respectively. Using only this range, which would ignore any contribution from the intergalactic medium or the local environment would result in a dispersion delay of 12.3-13.3 s between 57.6 and 62.5 MHz. However, we measure no significant delay, and our earlier analysis (Fig. 3) showed a formal measured DM of 0 ± 2. Hence, the brightness increase cannot originate in the source, but must be caused by plasma within a few tens of parsecs. Our highest signal-to-noise magnification event peaks at 1000 Jy (Fig. 4) . Again, the lack of measurable dispersion delay indicates the lensing plasma must be fairly nearby. A Bessel beam diffraction pattern, which matches this light curve, could be caused by a conic depression in a higherdensity, plane parallel plasma sheet. (Since the index of refraction due to cold free electrons is close to, but below unity, a converging lens must be under-dense and convex relative to its surroundings, or overdense and concave.) The somewhat depressed flux before and after the peak relative to the normal state may also suggest we see the 'shadow' of this lensing plasma there.
One type of magnification event known to occur for compact sources is the so-called Extreme Scattering Event (ESE) (Clegg et al. 1998, e.g.,) , caused by isolated bubbles in the interstellar electron density. We do not think these are exactly the cause here, because they would typically be further away and also could not cause the scintillation storms, in which the individual events look similar. They also have time scales of months to years typically and amplitudes of only a factor few. Furthermore, Dong et al. (2018) show that the lensed-to-unlensed brightness ratio tends strongly to one below 700 MHz, resulting from the increase in background source size.
We also note that these singular magnifications are similar in shape, timescale, and magnitude (in the case of the burst in Fig. 4) to a recently reported low-frequency cosmic transient observed by LWA1 and LWA-SV (Varghese et al. 2019, esp. Figs. 3 and 4) . While this was not their preferred explanation, they noted that it could be a magnification of the compact radio source 4C+1.06 by about a factor 30, a value on the high side, but within the range we find here; its duration of 15-20 s is also within our range. The observing frequency of 34 MHz is even lower than ours. If we may therefore regard this event as part of the same class the LWA gives important extra information: while they report only one event, and without dispersion information, the fact that they detected it with two stations 75 km apart is important. First, the absence of a noticeable parallax between the two stations indicates a minimum distance of 1400 km to the lens. LWA also report other events detected that they do attribute to scintillation (17 over a period of about 340 days). These are much less frequent than the scintillation storms we find, but that is likely due to the much higher flux threshold of LWA and the fact that they limited their analysis to cases where there was a simultaneous spike in the two stations. Due to this selection, we should probably be careful to attach too much significance to the simultaneity of these events in the two stations (to within about 5 s). Such simultaneity would imply a size of the magnification spot on the ground of more than 75 km, and a transverse speed of any lensing plasma of at least a few tens of km/s. However, if we look at their Fig. 4 , we also see many more scintillation spikes in their example station light curves in the half hour before and after the simultaneous spike that are not coincident between the two stations, so smaller and/or slower magnification spots are perhaps more common. Before dis- Magnification factor AART/VLSSr Multi 30 Jy limit Single 5 limit Figure 9 . Magnification factor of 725 scintels for 16 sources exhibiting multiple scintillation peaks on 2019-01-01, and 76 singly magnified sources detected throughout the survey. The grey solid line indicates the 5σ detection threshold, typically 45 Jy, the grey dashed line indicates the 30 Jy peak-prominence limit. Flux density measurements fall below the detection threshold for the multiply scintillating sources as a result of forced-fit measurement being included. cussing a toy model for these magnifications, we will first look into what additional constraints follow from the strong scintillation zones.
Constraints from strong scintillation zones
To the extent that we may regard the scintillation zones or periods as the occurrence of many events like the isolated ones in a short period of time, they provide at least one extra constraint: we can see them move in the sky and thus get their angular velocity. We use the example in Fig. 8 , where the apparent motion is from 60 • to 40 • ecliptic latitude in 70 10 0 10 1 10 2 Magnification factor AART/VLSSr 10 0 10 1 10 2
Number of scintels
Multi: = -2.5 ± 0.1 Single: = -1.1 ± 0.2 Figure 10 . Magnification factor distributions for the 725 multiply-magnified scintels (blue), and the 76 singly magnified scintels (red).
minutes, i.e., an angular velocity of 8 × 10 −5 rad/s. First of all, this angular velocity allows us to very much reduce the maximum distance of the lensing plasma from the dispersion delay limit of a few tens of pc: since the physical transverse speed must be less than the speed of light, the distance is at most 20 AU. Other than that, the scintillation zone is clearly not fixed either relative to the horizon or in ecliptic coordinates, so it cannot be obviously associated with either phenomena fixed to the Earth (such as the flux tubes discovered by Loi et al. (2015 Loi et al. ( , 2016 with the MWA), or with something fixed in the solar system. We do note a preference for the zones to appear in the anti-Sun half of the sky, though, perhaps suggesting a link with downstream effects of the solar wind impacting on the Earth's magnetosphere. To analyse this constraint in more detail, we must first note that the scintillation zones are tens of degrees across in the sky, but as we will show below, the individual lensing plasma bub-
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Multi: = 0.12 ± 0.01 Single: = 0.07 ± 0.01 Figure 11 . Distribution of scintel duration for multiply magnified sources (blue) and single events (red). closely follows an exponential distribution. bles are much smaller. However, scintillation studies done with LOFAR indicate that a fair approximation is that a scattering screen with turbulent cells moves past our line of sight rather faster than that it changes in its own rest frame, as in the case of interstellar scintillation. Therefore we will assume that the angular velocity we measure for the overall region also applies to the individual turbulent cells.
In a recently published study of a strong scintillation episode in Cas A with LOFAR Fallows et al. (2020) perform a detailed analysis of dynamic spectra and of the time sequence in which the scintillation hits different LOFAR stations. They find that this episode is caused primarily by two layers of the ionosphere, the D region at around 80 km, where the plasma speed was about 110 m/s and the F region at 300-400 km altitude, where that speed was 20-40 m/s at the time. The typical quiescent electron densities in these regions are 0.5-1×10 6 cm −3 . For the angular velocity we measure, the implied speeds would be 6 m/s in the D region and 25-35 m/s in the F region; so in case we see the F region, we find about the same speed, but were it the D region then the disturbance we see is considerably slower than the one found by Fallows et al. (2020) . For even higher altitudes, as suggested by the lower limit for the LWA event, the required speeds go up: to 200 m/s at an altitude of 2000 km or even 1 km/s at 1.5 Earth radii in the geomagnetic tail. The range of velocities, 100 − 1000 m/s, and altitudes ranging from 300 − 2000 km matches well with travelling ionospheric disturbances (Thome 1968; Huang et al. 1998, (TIDs, e.g.,) , as does the trajectory southward from high latitude (Hocke & Schlegel 1996) . The northwest to southeast orientation, and southwesterly drift is also characteristic of TIDs observed at mid-latitudes (Garcia et al. 2000) . However, in the following hour the region remains fixed on the sky, along the 40 • parallel. Thome (1968) also report a decrease in velocity from 700 m/s to 125 m/s over 11 hours. Lastly, direct air-glow images of TIDs tend to show multiple waves spanning the entire sky, passing with motion uncorrelated to the background sidereal drift.
Therefore we conclude that the information we get from the motion of the scintillation regions provides the severest distance restriction and confines the location of the scattering or lensing screen to within 20 AU. The motion is consistent with a variety of plausible ionospheric or geomagnetospheric origins and does not strongly favour one among these.
A toy plasma bubble model
We now try to constrain the properties of the plasma that causes both the isolated events and scintillation storms. To this end, let us first assume a spherical bubble of radius R with a difference in index of refraction δn relative to its surroundings, that is hit by a plane wave from our source, which then converges on AARTFAAC. In order to achieve a large magnification factor, the distance of the bubble to our telescope must be similar to the focal length f of the bubble. For n 1, this is well approximated by f = R/|2δn|, irrespective of whether the lens is thick or thin in the lens makers' sense. (If we think of it as a spherical bubble, it should be underdense, but we can also imagine an overdense concave body with both size and surface curvature radius about equal to R). Using the standard expressions for the index of refraction and plasma frequency, we derive the following numerical expressions: |δn| = 2.24 × 10 −2 δn e,6 ν 60
(2) f = 223R 6 δn −1 e,6 ν 2 60 km,
where δn e,6 is the electron density in units of 10 6 cm −3 , R 6 the lens radius in units of 10 km, and ν 60 = ν/(60 MHz). Here we have put some prejudice in the numbers by scaling them to values relevant for the quiescent ionosphere. For the ideal ray optics case, the magnification becomes infinite in the focus, but of course there it will always meet the diffraction limit. More realistically, AARTFAAC will cut through the beam some distance before or after the focus as the bubble drifts through the line of sight and throws a spot of radius r onto the ground. The magnification is then simply (R/r) 2 . The formal diffraction limit on the spot size is then of course r min = f θ D /2 = 0.305λ f /R = 0.61λ/δn. Using the same numerical normalisations again, we find r min = 0.136δn −1 e,6 ν 60 km (4)
where M max gives the diffraction limit to the peak magnification, and the depth of field, ∆ f , is the range of focal length over which the spot size and magnification are close to the diffraction limit. This shows that these extreme numbers will be very rare even in the ideal case, and of course one should note that realistic plasma bubbles are quite unlikely to be so smooth as to act as ideal lenses, and so rather larger spots and more modest magnifications are likely to be the rule. But the observed magnification factors (Fig. 10) can at least be reassuringly far below that theoretical maximum. Of course the duration T of an event is related to its actual spot size as T = 2r/v L , but unfortunately via the unknown transverse speed v L of the lens. Another quantity that is accessible to observational testing is the angular size of the lenses on the sky, since large lenses would affect nearby sources in similar ways. The angular diameter on the sky is of course simply θ L = 2R/ f , again approximating that AARTFAAC's distance to the lens is similar to the focal length, which is needed for a significant magnification. Numerically this works out to
This is quite sizeable and less dependent on parameters than some of the other quantities. Unfortunately it is smaller than the typical distance between AARTFAAC catalogue sources on the sky, and so the test is non-trivial. Now we can use these equations with the properties of the observed events and of AARTFAAC to derive some general constraints on possible lenses. First, we note that a detectable magnification will require a spot that covers the AARTFAAC superterp, i.e., r min > 300 m. Via eq. 4, this places a lower limit on the electron density pertubation: δn e,6 < 0.45. If we now use eq. 3 and the requirement that f h, where h is the altitude of the lens, we get that
Here and below we set ν 60 = 1, all observations reported here are near 60 MHz. We can now set a constraint on the magnification by eliminating R 6 from it and using the electron density constraint: (9)
Since we observe magnifications up to 120, this implies that some of them must originate from a height at least 160 km, excluding the D region we mentioned previously. This exclusion is even stronger if we remind ourselves that we calculated the spot sizes and magnifications for ideal lenses, and realistically we therefore expect higher altitudes. Near the density peak of the F region, at perhaps 400 km, one could theoretically get magnifications of 750 and perhaps that makes the observed values possible even with somewhat non-ideal lenses. In this layer the quiescent electron density is also highest, so that the maximum density perturbation we derive is only about half the total value. If one goes up to one Earth radius, the density has dropped by a factor 1000, more than undoing any favourable effect of a larger distance on the possible magnification. This is valid as long as we consider waves and turbulence that perturb the normal plasma values around the mean. If one considers events that change the electron density by orders of magnitude there would be more freedom.
We also note that for the spot sizes needed for large magnifications and the speeds we measure, the expected durations of the magnification events are a few seconds to a few minutes, which nicely encompasses the range we observed. From eq. 7 we also find that the angular size of the lenses must be less than 2 • . We find very few cases of sources closer than that on the sky that both scintillate, so with our current data we cannot test whether sources closer than that vary in sync because they are lensed by the same bubbles.
Hence indeed, taking all constraints together, we conclude that the layers around the ionospheric density peak at a height of about 300-400 km are a plausible location for the plasma that causes the spiky magnification events that we have found. A more common description of the radio scintillation caused by these layers considers the layer as a turbulent scattering screen that causes a Fresnel-zone near-field pattern of intensity variations on the ground. This approach is used in the study of scintillation of Cas A with LOFAR (Fallows et al. 2020) . Quite possibly both descriptions apply simultaneously: Cas A is very bright, and a single LOFAR station can detect it, and its variations, continuously. Therefore monitoring it can reveal the continuous pattern cast on the ground by the turbulent layer. We here see only the tip of the iceberg, because all we detect is the occasional very large magnification due a fortuitously shaped turbulent cell and favourable geometry. We find that such events are much more common when the ionosphere is more active, but they can also occur in an otherwise quiescent ionosphere, and we find that the distributions of their properties are somewhat different then.
The extragalactic intrinsic flare candidate
Finally, we return to our strong candidate for a true extragalactic flare, with a best-fit DM of 74±5 pc cm −3 , illustrated in Fig. 7 . This DM would be extragalactic: in the direction of the source (RA 163.7 ± 0.5 deg, DEC 33.8 ± 0.5 deg), the total Galactic DM is 30 pc cm −3 (Cordes & Lazio 2002) , and the halo contribution is also 30 pc cm −3 (Yamasaki & Totani 2019) . This places the source origin definitely outside the disc of our Galaxy and likely outside of the halo (but, given local variability of sightlines relative to the DM models, not with very great certainty). Using the DM-distance relation for the IGM, DM = 900z pc cm −3 (McQuinn 2014; The CHIME/FRB Collaboration et al. 2019) gives a redshift value of 0.015, or distance of 63 Mpc (Wright 2006) . Given that the foreground DM value is uncertain and that there might be also a contribution from the environment or host of a putative extragalactic event, we should regard this value as indicative of the upper limit to the distance rather than a measured value.
In the Advanced Detector Era (GLADE, v2.3) catalogue of nearby galaxies (Dálya et al. 2018) , there are three potential galaxies within the position uncertainty and distance limit: PGC2039259 at 26.4 Mpc, NGC3442 at 27.96 Mpc, and PGC032706 at 55.83 Mpc, all with flux densities of 0.5 Jy or less. None of these is detected in our AART-FAAC data, so if the flare originates from one of them, its radio luminosity is more than 200 times that of the quiescent galaxy's total value. Since we cannot identify the event with a quiescent source, the cause of this flare remains rather speculative at the moment. To set the scale, at a distance of 50 Mpc this flare has a peak radio luminosity (assuming a spectral range of 100 MHz) of 3 × 10 37 erg/s and emitted energy only in the radio band of 3 × 10 38 erg. By the usual argument of how fast a radio flare can rise from a source of a given size (e.g., Pietka et al. 2015) , this implies a brightness temperature in excess of 10 34 K. Even if we do assume the source is on the outskirts of the Galaxy, at 50 kpc, the implied brightness temperature would still be 10 28 K. In either case, the emission mechanism underlying this phenomenon then needs to be coherent.
Given these rather strong implications, we prefer to regard this event as a candidate extragalactic event for now, and await the discovery of a few more confirming cases and better understanding of the outliers in the frequency-time delay distribution of the magnification events.
CONCLUSIONS
We have identified a new phenomenon in the low-frequency radio sky, namely strong and well-separated radio flares, typically lasting 20 s and mostly coincident with bright radio sources that become 3-30 times brighter during the flare, but occasionally up to 100 times brighter. They typically show no significant dispersion delays and thus cannot originate from intrinsic variations in the extragalactic sources they coincide with, so we interpret them as magnification events caused by near-Earth plasma. Using a naive toy model of a plasma lens, we show that they are consistent with originating in the ionosphere around the layer of peak electron density, 300-400 km in altitude, so they may be the extreme end of ionospheric scintillation. They do occur both in times when the ionosphere is otherwise quiescent, albeit rarely, and they become quite frequent when the ionosphere is very active. At those times, which last from a few hours to more than a day, there are so many events that we can trace the development and motion of the active regions across the sky. In the future, with somewhat higher sensitivity and therefore a higher source density on the sky, we should be able to detect or exclude correlated variability of source that are less than 2 • apart in the sky and thereby constrain the sizes and motion of the individual lensing plasma bubbles.
We also find one case of a 10 s, 100 Jy flare that shows all the hallmarks of being dispersed, with a DM that likely puts it at extragalactic distance, or at the very least in the outskirts of our own Galaxy. We find no underlying radio source brighter than 0.5 Jy. We withhold final judgement on whether it really is dispersed until we have collected more events, since there are some outliers in the distribution of magnification events that have similar time delays to this event. If it is indeed a distant source, its emission is quite extreme, requiring a brightness temperature of 10 28−34 K.
